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Continental fire and vegetation history have been studied in sedimentary archives using palynological
proxies (i.e. charcoal abundance and the pollen assemblage) and organic proxies (i.e. the anhydrosugars
levoglucosan and it isomers, and plant-wax n-alkanes), but rarely in concert. Here, we compared palyno-
logical and organic proxies to reconstruct fire and vegetation history in a sediment core from Lake Allom
on Fraser Island, Australia, covering the last 5.4 kyrs. We found that anhydrosugar and microscopic char-
coal accumulation rates had similar trends, while trends in macroscopic charcoal accumulation rates
were different. This was attributed to the short distance over which macroscopic charcoal is transported
compared to microscopic charcoal and anhydrosugars. Furthermore, differences in fire regime and com-
busted types of vegetation may also explain the differences in levoglucosan and charcoal accumulation
rates in lacustrine sediments. Moreover, we found that the ratios between anhydrosugars seem to be gov-
erned by combustion conditions, or by type of burned vegetation. Long chain n-alkane accumulation rates
and stable isotope compositions showed similar patterns to the pollen assemblage throughout the last
5.4 kyrs, with both representing the local vegetation history. Collectively, our results showed that in
the period between 5.4 and 4 ka, biomass burning was low on Fraser Island, while at 4 ka, fire occurrence
started to increase, slightly earlier than changes in vegetation and hydrology. Therefore, we suggest that
increased fire activity on Fraser Island around 4 ka might have been caused by human-lit biomass burn-
ing, since aboriginals settled on Fraser Island around this time.
 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
In the past decades, sedimentary archives have been widely
studied to reconstruct continental fire history, using a variety of
fire proxies (e.g. Hawthorne et al., 2017 and references therein).
One of these fire proxies is based on charcoal, which is a carbona-
ceous material produced by heating biomass during incomplete
combustion (Whitlock and Larsen, 2002). It is usually divided into
two size classes: macroscopic charcoal (particles 100 lm) andmicroscopic charcoal (particles 100 lm). The smaller particles
are assumed to be transported over longer distances compared to
the larger particles and therefore macroscopic charcoal provides
information on local-scale fires, while microscopic charcoal pro-
vides information on more regional-scale fires (Marlon et al.,
2016; Vachula et al., 2018). The charcoal proxy has been widely
used as a biomass burning indicator in lacustrine and marine sed-
iments (e.g. Mooney and Tinner, 2011). However, application of the
proxy in sedimentary archives can sometimes be challenging. For
example, there are many factors determining the quantities of
charcoal accumulating in lake sediments, such as lake and water-
shed size, the proportion of woody taxa and the burning tempera-
tures (Kuo et al., 2008; Hawthorne et al., 2017 and references
therein). Furthermore, macroscopic charcoal only provides
information on local-scale fires. Another, relatively novel proxy
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anhydrosugars levoglucosan (1,6-anhydro-b-D-glucose) and its
isomers mannosan (1,6-anhydro-b-D-mannopyranose) and galac-
tosan (1,6-anhydro-b-D-galactopyranose). These are thermal prod-
ucts of cellulose/hemicellulose generated only during vegetation
burning at a temperature range of 150–350 C (Shafizadeh et al.,
1979; Simoneit et al., 1999; Kuo et al., 2011a). Levoglucosan is
the most abundant anhydrosugar emitted during biomass burning
and transported through the atmosphere, although its atmospheric
degradation is currently under debate (e.g. Hennigan et al., 2010;
Hoffmann et al., 2010; Shiraiwa et al., 2012; Lai et al., 2014; Zhao
et al., 2014; Arangio et al., 2015; Pratap et al., 2018). However,
levoglucosan is still considered an ideal tracer for biomass burning
in aerosols because of its high emission and source-specificity (e.g.
Simoneit and Elias, 2000; Bhattarai et al., 2019) and has been used
in numerous air-quality studies (e.g. Iinuma et al., 2016). Levoglu-
cosan can be transported to sedimentary archives through the
atmosphere and by rivers (Hunsinger et al., 2008; Myers-Pigg
et al., 2017) and is not substantially degraded during settling in
the marine water column, while it is partially degraded at the mar-
ine sediment-water interface (Schreuder et al., 2018). Furthermore,
ratios between levoglucosan and mannosan, and between levoglu-
cosan, and mannosan and galactosan have been proposed to
depend on the type of biomass burned (Fabbri et al., 2009) and/
or on burning conditions (temperature and duration; Kuo et al.,
2011a). The use of anhydrosugar proxies as biomass-burning indi-
cators in sedimentary archives is limited (Elias et al., 2001; Kuo
et al., 2011b; Lopes dos Santos et al., 2013; Sikes et al., 2013;
Schüpbach et al., 2015; Shanahan et al., 2016; Battistel et al.,
2017; Callegaro et al., 2018) compared to the charcoal proxies.
Palynological proxies to reconstruct past vegetation changes
from lacustrine sediments are based on the assemblage of pollen
grains preserved in the sediment (Sugita, 1994; Matthias and
Giesecke, 2014). The pollen composition in lacustrine sediments
is a distance-weighted integral of the vegetation cover surrounding
the lake. However, understanding the source area of pollen and
converting pollen results to estimates of plant cover can be com-
plex and depends on pollen productivity and dispersal (Prentice,
1985). Basin size also has a strong influence on the proportion of
pollen coming from local or regional sources. Generally, pollen
data from smaller lakes are especially appropriate for reconstruc-
tion of local vegetation, while pollen data from larger lakes are
more suitable for reconstruction of regional vegetation and climate
(Sugita, 1994). Pollen analysis has been applied widely in sedimen-
tary archives to reconstruct the vegetation history of the area
around lakes (e.g. Donders et al., 2006; Kershaw et al., 2007;
Donders et al., 2008). Other widely-used proxies for vegetation
changes are long chain n-alkanes (C25 to C35), which are com-
pounds derived from the epicuticular wax of vascular plants
(Eglinton and Hamilton, 1967). They are relatively resistant to
degradation (Cranwell, 1981), making them useful as higher plant
biomarkers in sediments. Plant wax alkanes typically have a strong
odd/even predominance (Eglinton and Hamilton, 1963), which is
expressed as the carbon preference index (CPI; Kolattukudy,
1976) and long chain n-alkanes from terrestrial higher plants gen-
erally have CPI values > 5 (Eglinton and Hamilton, 1963;
Diefendorf et al., 2011). The chain length distribution of the alka-
nes, expressed as the average chain length (ACL), depends on envi-
ronmental conditions and vegetation type (grasses vs. woody
plants), although chain length distributions are variable within
plant groups (Bush and McInerney, 2013; Diefendorf et al., 2015;
Diefendorf and Freimuth, 2017 and references therein). Therefore,
interpretation of the ACL of long chain n-alkanes can be compli-
cated. Also, the stable carbon isotope composition of the alkanes
can provide information on the abundance of C3 and C4 vegetation
as well as on abundance of gymnosperms and angiosperms(Diefendorf and Freimuth, 2017 and references therein). Plants uti-
lizing the C3 photosynthetic pathway have an n-alkane carbon iso-
tope composition around 36‰ (31‰ to 39‰), while plants
utilizing the C4 photosynthetic pathway have an n-alkane carbon
isotope composition around 21.5‰ (18‰ to 25‰; e.g.
Collister et al., 1994 and references therein; Schefuß et al., 2003;
Castañeda et al., 2009; Diefendorf and Freimuth, 2017). Further-
more, the d13C of n-alkanes from gymnosperm trees are usually
around 4‰ more enriched compared to angiosperms (Chikaraishi
and Naraoka, 2003; Diefendorf et al., 2011).
Here, we present a biomass burning and vegetation record of
Fraser Island, Australia, based on levoglucosan and its isomers
and on long chain n-alkanes in Lake Allom sediments (Fig. 1). These
sediments have previously been studied for vegetation and fire his-
tory over the last 54 kyrs (Donders et al., 2006) using palynological
approaches, which revealed strong changes between rainforest and
open woodland vegetation and increased fire occurrence during
periods of drier vegetation and/or low lake levels (Donders et al.,
2006). In this study, we focus on comparison of organic proxies
(i.e. levoglucosan and it isomers and long chain n-alkanes) with
palynological proxies (i.e. microscopic and macroscopic charcoal
and the pollen assemblage) for vegetation and biomass burning
in Lake Allom sediments during the last 5.4 kyrs. Our results shed
light on the differences between these types of proxies to recon-
struct vegetation and fire history in lacustrine environments, as
well as on vegetation and fire history on Fraser Island over the last
5.4 kyrs.2. Materials and methods
2.1. Site description
Fraser Island is a sand-dune island with a length of 124 km and
a maximum width of 24 km, situated between 24400S and 25500S
and 152550E and 153200E (Fig. 1). Annual rainfall varies between
1300 and 1700 mm/yr, and a moisture deficit occurs in the drier
winter/spring season (Walker et al., 1981). Southeastern Queens-
land has a warm subtropical, slightly seasonal, humid climate
(Webb and Tracey, 1994). Rainfall between seasons varies by about
40% and mean temperatures range from 14 C in winter to 29 C in
summer. On Fraser Island, the perched basin named Lake Allom
(25140S, 153100E) is located at the boundary between Pleistocene
and Holocene parabolic dune systems, within the central rainforest
belt on the island (Fig. 1c). The perched lake is approximately
300 m in length and 80 m in diameter and has a 50-mwide fringe
of littoral vegetation and has no natural in- or outflows. Surround-
ing vegetation units are rainforests and shrubs, wet eucalypt open
forest and eucalypt woodlands to open forests (Fig. 1c). The vege-
tation on the island ranges from coastal shrubs and heaths on lea-
ched soils to inland layered rainforest and mixed sclerophyll
vegetation on younger nutrient-rich soils. The vegetation is later-
ally zoned and follows the contours of successive parabolic dune
systems parallel to the coastline. Fire occurs naturally on the
island, especially in the Eucalyptus-dominated sclerophyll belt
around the rainforest. More details are presented by Donders
et al. (2006).2.2. Biomarker analysis
2.2.1. Sample preparation
Lake Allom was cored and sampled in July 2003, as described
previously (Donders et al., 2006). Three partly overlapping core
sections were retrieved, down to 3.2 m sediment depth. The core
was sampled at 1–2 cm intervals between 0 and 60 cm and at
4 cm intervals between 60 and 320 cm. The age model was based
Fig. 1. (a) Location of Fraser Island off the eastern coast of Australia, (b) a zoom-in of Fraser Island on a map showing the broad vegetation groups of the island (Queensland
Herbarium, 2013), and (c) a zoom-in of the island showing Lake Allom, as well as Old Lake Coomboo and Lake McKenzie.
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the record covers the last 54 kyrs, with two hiatuses at 5.8–6.8 ka
and 12–33 ka (Donders et al., 2006). From these samples, 46 sub-
samples spanning the last 5.4 ka of the core were taken and
freeze-dried and homogenized. The sediment was extracted ultra-
sonically (5x) with dichloromethane (DCM):methanol (MeOH)
(2:1, v:v) and subsequently passed over a small Na2SO4 Pasteur
pipette column with DCM. Each extract was split into two aliquots;
one for analysis of levoglucosan and its isomers and one for long
chain n-alkane analysis.2.2.2. Analysis of levoglucosan and its isomers
Deuterated (D7) levoglucosan (C6H3D7O5; dLVG, from Cam-
bridge Isotope Laboratories, Inc.) was added (0.5 ng) to the extracts
as an internal standard to quantify levoglucosan and its isomers,
after which they were dried under N2. These aliquots were re-
dissolved in acetonitrile: H2O (95:5, v:v) and filtered using a regen-
erated cellulose filter (0.45 lm) before analysis.
Levoglucosan and its isomers were analyzed by means of
ultrahigh performance liquid chromatography (UHPLC)-negative
ion electrospray ionization/high resolution mass spectrometry
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Agilent 6230 Time-Of-Flight (TOF) mass spectrometer, as described
previously (Schreuder et al., 2018). Separation was achieved with
two Aquity UPLC BEH amide columns (2.1  150 mm; 1.7 lm,
Waters Chromatography) in series with a 50 mm guard column,
which were kept at 30 C. Compounds were eluted (0.2 mL/min)
with 100% A (15 min), followed by back flushing with 100% B
(15 min) and re-equilibration at starting conditions (25 min).
Eluent A was a mixture of acetonitrile:H2O (92.5:7.5, v:v) with
0.01% triethylamine (TEA) and eluent B was a mixture of acetoni-
trile:H2O (70:30, v:v) with 0.01% TEA. Source settings for negative
ion electrospray ionization (ESI) were: nebulizer P 60 psi (N2),
VCap 5 kV and drying gas (N2) 5 L/min at a temperature of
275 C. The monitored mass range was m/z 150–350. Injection vol-
ume was usually 10 lL. Levoglucosan, its isomers, and dLVG were
detected as their deprotonated molecules (M-H). Quantification
was based on peak integrations of mass chromatograms within
3 ppm mass accuracy using a calculated exact mass of m/z
161.0445 for levoglucosan (C6H10O5) and its isomers and m/z
168.0884 (C6H3D7O5) for dLVG. Authentic standards for levoglu-
cosan, galactosan and mannosan were all obtained from Sigma
Aldrich. Analytical performance and relative response factors
(RRF) for levoglucosan, galactosan and mannosan compared to
dLVG were determined daily by analysis of a standard mixture of
levoglucosan, galactosan, mannosan and dLVG and varied between
1.20 and 1.28 for levoglucosan, between 0.63 and 0.82 for galac-
tosan and between 0.93 and 1.09 for mannosan. The detection limit
for levoglucosan was 5 pg on column. Approximately 20% of the
samples were analyzed in duplicate, which resulted in an average
instrumental error of 4%. Levoglucosan accumulation rates were
calculated from levoglucosan concentrations using sediment accu-
mulation rates and dry bulk densities. Dry bulk densities in the
studied sediment core were assumed to be 1.0 g/cm3.
2.2.3. Long-chain n-alkane analysis
Squalane was added to the extracts as an internal standard in
order to quantify the n-alkanes. The extracts were separated into
an apolar, a ketone and a polar fraction, on an activated Al2O3 col-
umn using hexane:DCM (9:1, v:v), hexane:DCM (1:1, v:v) and
DCM:MeOH (1:1, v:v), respectively. The apolar fraction was further
separated into an ‘aliphatic’ fraction, containing the n-alkanes, and
a medium ‘apolar’ fraction, by passing it over an Ag+ impregnated
silica column with hexane and ethyl acetate, respectively. For n-
alkane analysis, the ‘aliphatic’ fractions were dissolved in hexane
and injected on-column into an Agilent 7890B gas chromatography
(GC) instrument at 70 C using an FID detector. The oven tempera-
ture was programmed to 130 C at 20 C/min, and subsequently to
320 C (held 10 min) at 4 C/min; He was the carrier gas at a con-
stant 2 mL/min. Injection volume was 1 lL. The detection limit for
n-alkanes was ca. 100 pg on column. Similar to levoglucosan, n-
alkane accumulation rates were calculated from n-alkane
concentrations.
The average chain length (ACL) and carbon preference index
(CPI) of the long chain n-alkanes were calculated using the follow-
ing formula:
ACL ¼ R i Xið Þ
RXi
; ð1Þ
where X is abundance and i represents the carbon number of the n-
alkane and ranges from 25 to 33,
CPInalkanes ¼ 1=2 R X25 þ X27 þ X29 þ X31 þ X33ð ÞR X24 þ X26 þ X28 þ X30 þ X32ð Þ þ 1=2
 R X25 þ X27 þ X29 þ X31 þ X33ð Þ
R X26 þ X28 þ X30 þ X32 þ X34ð Þ ; ð2Þaccording to (Kolattukudy, 1976). A high value thus indicates a high
odd/even predominance.
For 4 out of 46 of the samples, the CPI could not be calculated as
the even carbon numbered n-alkanes were below detection limit.
2.2.4. Compound specific stable carbon isotope analysis
Long chain n-alkanes (C25 to C33) were analyzed for their stable
carbon isotopic composition using GC–isotope ratio MS (GC–IRMS).
The n-alkanes were analyzed using a Thermo Delta V isotope IRM
mass spectrometer coupled to an Agilent 6890 GC instrument. GC
conditions were as described above. The samples were analyzed in
duplicate and the reported data represent the mean stable carbon
isotope value of duplicate runs. The values are reported in d nota-
tion relative to the Vienna PeeDee Belemnite (VPDB) using CO2 ref-
erence gas calibrated to NBS-22 reference material. The instrument
error was <0.5‰ based on repeated injection of external deuter-
ated n-alkane standards (C20 and C24 perdeuterated n-alkanes)
prior to and after sample analysis.3. Results
3.1. Levoglucosan and its isomers
Levoglucosan was detected in Lake Allom sediments through-
out the last 5.4 ka. Galactosan and mannosan were detected above
the limit of quantitation in 36 and 37 out of 46 samples, respec-
tively. Levoglucosan accumulation rates varied between 0.1 and
7.2 ng/cm2/yr; galactosan accumulation rates varied between
0.03 and 1.4 ng/cm2/yr and mannosan accumulation rates varied
between 0.03 and 2.2 ng/cm2/yr (Fig. 2a–c). The lowest accumula-
tion of all three anhydrosugars was found in the oldest part of the
record, in the period between 5.4 and 4 ka. From 4 ka to 2.2 ka,
anhydrosugar accumulation rates steadily increased from ca. 0.2
to 3.5 ng/cm2/yr for levoglucosan, from ca. 0.1 to 0.7 ng/cm2/yr
for galactosan and from ca. 0.1 to 0.6 ng/cm2/yr for mannosan.
From 2.2 ka to 0.2 ka, accumulation rates of the anhydrosugars
remained relatively stable, with three peaks around 2.2, 1.4 and
1.0 ka. At ca. 0.2 ka, accumulation rates of the anhydrosugars
decreased until the top of the record.
For 37 out of 46 samples, two ratios between the anhydrosugars
were calculated: the ratio between levoglucosan and mannosan (L/
M) varied between 2.0 and 8.0, while the ratio between levoglu-
cosan, and galactosan and mannosan (L/G + M), varied between
0.9 and 3.5 (Fig. 2d and e). The lowest values for anhydrosugar
ratios were found in the oldest part of the record, from 5.4 to
approximately 4 ka, after which it steadily increased until ca.
3 ka, and remained relatively stable until the top of the record.
3.2. Long chain n-alkanes
The accumulation of long chain n-alkanes (C25-C33) varied
between 0.2 and 14.6 lg/cm2/yr (Fig. 2f) and was lowest during
the period between 5.4 and 3.2 ka. From 3.2 ka to 0.9 ka, n-
alkane accumulation steadily increased from ca. 0.2 to 14.6 lg/
cm2/yr, interrupted by a peak in accumulation at 2.7 ka. From
0.9 ka to 0.1 ka, n-alkane accumulation rates decreased again to
ca. 6 lg/cm2/yr. The weighted mean d13C of the long chain n-
alkanes varied between 33.1 and 30.0‰. However, since the
C29 n-alkane was most abundant and therefore gives the most reli-
able d13C record, we focused only on the d13C record of the C29 n-
alkane. These values varied between 33.0 and 28.5‰ and were
most depleted during the period between 5.4 and 3.5 ka (Fig. 2g).
From 3.5 ka until 2.7 ka, d13C increased from ca. 32‰ to ca.
29.5‰ and remained relatively stable until the top of the record.
The ACL values of the n-alkanes were on average 29.9 ± 0.2 and
Fig. 2. Comparison of geochemical records from the Lake Allom core: (a) levoglu-
cosan accumulation rate, (b) galactosan accumulation rate, (c) mannosan accumu-
lation rate, (d) ratio between levoglucosan and mannosan (LVG/MAN), (e) ratio
between levoglucosan, and galactosan and mannosan (LVG/GAL + MAN), (f) accu-
mulation rate of the sum of odd-numbered long-chain n-alkanes (C25 - 33), (g) d13C
of the C29 n-alkane and (h) average chain length (ACL) of n-alkanes (C25 - 33) (Eq.
(1)). The isotope data are reported in delta notation (‰) against the VPDB standard.
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(Fig. 2h). The CPI values of the n-alkanes varied from 2.4 to 33.2
and were on average 12.2 ± 6.5.4. Discussion
4.1. Comparison of palynological and organic proxies
4.1.1. Biomass burning proxies
Fire history of the last 5.4 kyrs on Fraser Island has previously
been studied using microscopic charcoal (10–120 lm) and macro-
scopic charcoal (120–250 lm and >250 lm) in 79 samples in the
same core from Lake Allom (Donders et al., 2006). Microscopic
charcoal accumulations were based on counted charcoal particle
concentrations, while macroscopic charcoal accumulations were
based on the area of charcoal particles per sample. Here, we com-pared these charcoal particle classes with levoglucosan accumula-
tion rates and anhydrosugar ratios (L/M and L/G + M) obtained
from 46 of these same samples. We focused only on levoglucosan
accumulation rates and not on accumulation rates of galactosan
or mannosan because (a) galactosan and mannosan were only
detected in 36 and 37 out of 46 samples, respectively, (b) levoglu-
cosan, mannosan and galactosan accumulation have similar trends
(Fig. 2a–c) and (c) levoglucosan is the most abundant
anhydrosugar.
Levoglucosan accumulation and microscopic charcoal have sim-
ilar trends over the past 5.4 ka (Fig. 3a and d), and are significantly
correlated (R2 = 0.159 and p < 0.050). This is not unexpected, since
both levoglucosan and microscopic charcoal usually represent a
more regional biomass burning signal, given that these compounds
can be associated with fine particulate matter and can be trans-
ported over longer distances (Simoneit et al., 1999; Marlon et al.,
2016 and references therein; Myers-Pigg et al., 2016; Schreuder
et al., 2018). On the other hand, macroscopic charcoal accumula-
tion in Lake Allom is very different from levoglucosan accumula-
tion (Fig. 3a, e and f) and there is no significant correlation
between accumulation of levoglucosan and macroscopic charcoal
particles with a size between 120 and 250 lm (R2 = 0.004,
p = 0.682) and macroscopic charcoal particles larger than 250 lm
(R2 = 0.000, p = 0.911). This may be explained by the much shorter
distance over which macroscopic charcoal is transported, com-
pared to levoglucosan (Marlon et al., 2016 and references therin).
Therefore, accumulation of macroscopic charcoal particles repre-
sents a local fire signal, while accumulation of levoglucosan and
microscopic charcoal represent a more regional fire signal. How-
ever, it is yet unclear what the size (i.e. distance from lake) of
the ‘regional’ source area for levoglucosan and microscopic char-
coal is, and whether these particles are even derived from Fraser
Island, or from the adjacent Australian continent. Although
levoglucosan can be transported through the atmosphere over
hundreds of kilometers (e.g. Schreuder et al., 2018), it seems most
likely that the source area of levoglucosan and microscopic char-
coal in Lake Allom is on Fraser Island, since the direction of the pre-
vailing winds in this region is from the southeast (Australian
Bureau of Meteorology, 2013) and the Australian continent is
located 40 km away from Lake Allom. Therefore, we hypothesize
that levoglucosan and microscopic charcoal represent the fire his-
tory on Fraser Island, rather than of the Australian continent. Pre-
vious studies have also examined the relationship between
levoglucosan and charcoal of different size classes. For example,
in lake sediments in Brazil, levoglucosan concentrations correlated
with total counted charcoal concentrations (Elias et al., 2001),
while for lake sediments in Ghana, levoglucosan accumulation
rates correlated with accumulation rates of charcoal particles lar-
ger than 5 lm (Shanahan et al., 2016). Argiriadis et al. (2018) found
that levoglucosan fluxes correlated with total charcoal fluxes in
lake sediments in New Zealand, although not all peaks in levoglu-
cosan coincide with peaks in charcoal. In contrast, Sikes et al.
(2013) did not find any relationship between charcoal particle
(>5 lm) concentration and levoglucosan concentration in a maar
lake in New Zealand, while Schüpbach et al. (2015) also did not
find a clear relationship between levoglucosan concentration and
the concentration of macroscopic charcoal. The relationship
between charcoal and levoglucosan accumulation in lacustrine
environments thus seems to be highly variable and probably
depends on local conditions. For example, the larger the basin size,
the larger the proportion of regional long-distance input, but this
does not explain all of the variation between levoglucosan and
charcoal accumulation in the different lakes.
Another factor that may explain the variability in the relation-
ship between levoglucosan and charcoal is the combustion tem-
perature of fires at the different locations and time periods.
Fig. 3. Comparison of organic and palynological fire proxies: (a) levoglucosan accumulation rate, (b) ratio between levoglucosan and mannosan (LVG/MAN), (c) ratio between
levoglucosan, and galactosan and mannosan (LVG/GAL + MAN), (d) microscopic charcoal (10–120 lm) accumulation rate (from Donders et al., 2006), (e) macroscopic charcoal
(120–250 lm) accumulation rate (from Donders et al., 2006) and (f) macroscopic charcoal (>250 lm) accumulation rate (from Donders et al., 2006).
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while charcoal formation is more prevalent at higher temperatures
(Kuo et al., 2008; Kuo et al., 2011a). Therefore, differences in fire
regime could result in varying amounts of levoglucosan and char-
coal produced. For example, smoldering fires are lower tempera-
ture fires compared to flaming fires and therefore it is likely that
more levoglucosan is produced during smoldering fires than dur-
ing flaming fires. Also, when fires occur regularly and vegetation
is fire-adapted, as it is typically in Australia, fuel cannot accumu-
late and fires are less severe and of lower temperature. Fire fre-
quency can therefore also influence levoglucosan and charcoal
formation (Harrison et al., 2010).
Furthermore, the mode of transport of particles into the lake
environment can also affect charcoal and levoglucosan accumula-tion. For example, large river inflow during seasonal floods could
cause larger charcoal particles to be transported to lake sediments.
Also, both levoglucosan and charcoal production are also influ-
enced by the type of plant material that is combusted (Kuo et al.,
2008; Kuo et al., 2011a), possibly also resulting in varying amounts
of levoglucosan and charcoal produced at the different locations.
The two anhydrosugar ratio values started to increase at approx-
imately 4 ka, concurrent with the increase in levoglucosan accumu-
lation (Fig. 3a–c). This could either be due to differences in
combustion conditions (Kuo et al., 2011a), or due to different types
of vegetation burned (e.g. Fabbri et al., 2009; Alves et al., 2010). In
our study, the anhydrosugar ratio values increased at approxi-
mately the same time as the increase in biomass burning and the
change in vegetation (Fig. 2f and g, and Donders et al., 2006).
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that was burned, could influence anhydrosugar ratios around Lake
Allom.
4.1.2. Vegetation proxies
The CPI values for the n-alkanes are on average 12.2, indicating
that the alkanes are predominantly derived from terrestrial higher
plants (Eglinton and Hamilton, 1963; Diefendorf et al., 2011). We
compared the pollen assemblages, previously reported by
Donders et al. (2006), with the long chain n-alkane accumulation
rates, the d13C of the C29 n-alkane and the ACL of the alkanes
(Fig. 4). At ca. 3.2 ka in Lake Allom, gymnosperm tree pollen begins
to increase, while angiosperm tree pollen declines comparatively
(Fig. 4d). At approximately the same time, long chain n-alkane
accumulation increased (Fig. 4a). At first glance this seems unex-
pected, since long chain n-alkane abundances are typically lower
in gymnosperms (and more specifically conifers) than in angios-
perms (Diefendorf and Freimuth, 2017 and references therein).
However, long chain n-alkane abundances can vary strongly within
gymnosperm vegetation (Diefendorf and Freimuth, 2017 and refer-Fig. 4. Comparison of organic and palynological vegetation proxies: (a) odd-numbered l
average chain length (ACL) of n-alkanes (C25 - 33) (Eq. (1)) and (d) percentage pollen diaences therein). Indeed, gymnosperm tree pollen in Lake Allom is
mainly dominated by that of the Araucariaceae (Donders et al.,
2006), and this vegetation group can become very large and pro-
duces high amounts of long chain n-alkanes, similar to those of
angiosperms (Diefendorf and Freimuth, 2017 and references
therein). Therefore, the increase in n-alkane accumulation rates
concurrent with the increase in gymnosperm tree pollen at ca.
3.2 ka can be explained by the increase in Araucariaceae vegeta-
tion. At approximately the same time, the d13C value of the C29
n-alkane shifts from ca. 32‰ to ca. 29.5‰ (Fig. 4b). Usually,
plants utilizing the C3 photosynthetic pathway have an n-alkane
carbon isotope composition around36‰ (31‰ to 39‰), while
plants utilizing the C4 photosynthetic pathway have an n-alkane
carbon isotope composition around 21.5‰ (18‰ to 25‰;
e.g. Collister et al., 1994; Schefuß et al., 2003; Castañeda et al.,
2009; Diefendorf and Freimuth, 2017). However, in this case the
data probably do not a C3 vs. C4 plant signal, since the pollen
assemblage shows large variability in angiosperm and gym-
nosperm tree pollen, while non-arboreal pollen abundances hardly
vary over the past 5.4 ka (Fig. 4d). It is therefore more likely thatong-chain n-alkane (C25 - 33) accumulation rate, (b) d13C of the C29 n-alkane and (c)
gram (from Donders et al., 2006).
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nosperms signal, instead of a C3 vs. C4 signal. Indeed, the d13C val-
ues of the C29 n-alkane increased 2.5‰, concurrent with a 40%
increase in gymnosperm tree pollen and a  40% decrease in
angiosperm tree pollen (Fig. 4b and d). This is in line with earlier
studies which found that the d13C values of n-alkanes from gym-
nosperm trees were usually around 4‰ more enriched, compared
to those of angiosperms (Chikaraishi and Naraoka, 2003;
Diefendorf et al., 2011). The ACL of the n-alkanes does not show
a change around 3.2 ka, but fluctuates throughout the last 5.4 ka
(Fig. 4c). This indicates that variations in the ACL are not reflecting
changes in vegetation, which is in agreement with previous work
that showed that the ACL of long chain n-alkanes is variable within
plant species and with environmental factors (Bush and
McInerney, 2013; Diefendorf et al., 2015; Diefendorf and
Freimuth, 2017 and references therein). The pollen assemblage
and the long chain n-alkanes thus show similar vegetation patterns
throughout the last 5.4 kyrs. Pollen is transported to Lake Allom
over relatively short distances, from ca. 600–800 m around the lake
(Sugita, 1994; Donders et al., 2006), while long chain n-alkanes in
lake sediments are thought to also be predominantly transported
from vegetation in the immediate watershed (Rieley et al., 1991;
Schwark et al., 2002); although long-range transport of n-alkanes
is also possible (Gagosian and Peltzer, 1986). Taking into consider-
ation that the current vegetation on Fraser Island is heterogeneous
(Fig. 1) and that other vegetation records on Fraser Island show dif-
ferent vegetation history over the same time period (Longmore,
1997; Longmore and Heijnis, 1999; Atahan et al., 2015), our data
suggest that the long chain n-alkanes are transported from a (local)
source area, similar to that of the pollen source area and that both
record the local vegetation history.
4.2. Reconstruction of biomass burning on Fraser Island
As discussed in the previous paragraphs, the anhydrosugar and
long chain n-alkane records herein provide information on biomass
burning and vegetation changes, respectively, on Fraser Island over
the last 5.4 kyrs. In the period between 5.4 and 4 ka, anhydrosugar
accumulation rates and ratios were low, indicating low fire activity
in this time period (Fig. 2a–e). At ca. 4 ka, anhydrosugar accumula-
tion rates and ratios started to increase (Fig. 2a–e), suggesting that
at this time, biomass burning on Fraser Island increased. Increased
biomass burning at ca. 4 ka was also recorded by charcoal in lake
sediments located ca. 5 km further southwest on Fraser Island
(Old Lake Coomboo; Fig. 1c) (Longmore, 1997; Longmore and
Heijnis, 1999). In contrast, a lake charcoal record located on the
southern part of Fraser Island (Lake McKenzie; Fig. 1c), did not
reveal an increase in biomass burning around 4 ka (Atahan et al.,
2015). However, the Lake McKenzie record does not contain infor-
mation on short-term alterations in fire activity, as the time reso-
lution for each sample is low (Atahan et al., 2015). Therefore, it
might be possible that the biomass burning increase at ca. 4 ka
as shown in the Lake Allom record is not visible in the Lake McKen-
zie record. Furthermore, the source area of microscopic charcoal to
lake McKenzie is likely to be different, since the lake is located ca.
30 km southwest of Lake Allom. Hence, these lake sediments likely
recorded changes in a slightly different area on Fraser Island than
those recorded in Lake Allom sediments. Also, Lake Allom and
Old Lake Coomboo are located closer to the more fire-prone
heath/shrub vegetation than Lake McKenzie. The agreement
between the Old Lake Coomboo charcoal record and our anhydro-
sugar records implies that the anhydrosugar records of the Lake
Allom core represent biomass burning on (the northern part of)
Fraser Island and that biomass burning increased from ca. 4 ka.
Fire occurrence on Fraser Island can be impacted by several fac-
tors, including vegetation composition and abundance. A majorshift in vegetation type around Lake Allom occurred at ca. 3.2 ka,
when it changed to the present-day heterogeneous sub-tropical
Araucarian (gymnosperm) rainforest (Fig. 4 and Donders et al.,
2006). This vegetation change was suggested to be caused by a
change in the hydrological cycle, likely related to intensification
of the El Niño-Southern Oscillation (ENSO) (Donders et al., 2006).
The earlier Late Pleistocene and Holocene study of Lake Allom sed-
iments indicated that this change in vegetation type occurred syn-
chronously with an increase in fire activity (Donders et al., 2006).
Our results show approximately the same, although it seems that
anhydrosugar accumulation rates and ratios increased slightly ear-
lier than the vegetation shift (Fig. 2). This suggests that biomass
burning might have increased in absence of changes in vegetation
type and related changes in the hydrological cycle/ENSO dynamics,
which increased in approximately two steps; around 5 ka and 3 ka
(Donders et al., 2007; Donders et al., 2008). Therefore, we hypoth-
esize that there could also be another factor influencing fire occur-
rence on Fraser Island at that time.
This factor may be the human influence on fire occurrence, as
found for a number of locations in northeast Queensland (e.g.
Kershaw, 1986; Kershaw et al., 2003; Haberle, 2005), and also for
the near-by North Stradbroke Island (Moss et al., 2013). Indeed,
archaeological investigations indicate human occupation of the
mainland adjacent to Fraser Island to date to at least ca. 5.5 ka
(McNiven et al., 2002) and occupation of Fraser Island itself was
dated at ca. 3 ka (McNiven et al., 2002; Ulm, 2011). Since the
increase in biomass burning at ca. 4 ka is possibly not related to
changes in vegetation and the hydrological cycle/ENSO dynamics,
and since aboriginal people started to occupy the island around
this time, we hypothesize that human occupation of the island
might have caused the increase in fire activity at ca. 4 ka. When
aboriginals arrived on Fraser Island, angiosperm trees (mainly
Casuarina) dominated the vegetation around Lake Allom and,
therefore, this vegetation type was the available fuel for Aboriginal
fire practices. The subsequent decrease in Casuarina trees around
3.2 ka could have been a result of increased Aboriginal fire activity
on the island, since these trees are not well adapted to fire (Hyland,
1983). At the same time, a prominent rise in Araucarian rainforest
occurred around Lake Allom. At first glance, this seems remarkable,
since Araucarian vegetation is also not well adapted to fire
(Kershaw, 1994) and other fire studies in Queensland have sug-
gested that Aboriginal fires were responsible for a decrease in
Araucarian rainforest (Kershaw, 1986; Kershaw, 1994). However,
a study of Aboriginal land and fire management suggested that
rainforest conservation was valued to a high degree (Hill et al.,
2000). Therefore, the Araucarian rainforest on Fraser Island might
have been protected from Aboriginal fire practices and, possibly,
other parts of the island outside of the rainforest belt, experienced
greater fire disturbance. A fire record from Lake McKenzie, on the
southern part of Fraser Island, showed no link between Late Holo-
cene biomass burning and human occupation (Atahan et al., 2015).
However, since the vegetation on Fraser Island is highly heteroge-
neous (Donders et al., 2006), and therefore probably fire occur-
rence as well, it might be that biomass burning was less
abundant on the southern part of the island.5. Conclusions
Anhydrosugars (levoglucosan and its isomers) and long chain n-
alkanes were measured in lacustrine sediments on Fraser Island,
Australia, as proxies for biomass burning and vegetation composi-
tion, and were compared to data for palynological proxies. We
found that anhydrosugar accumulation and microscopic charcoal
have similar trends, while macroscopic charcoal was very different.
This is attributed to the short distances over which macroscopic
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anhydrosugars, which are transported over longer distances and
therefore represent more regional biomass burning. We also found
that the ratios between the anhydrosugars could be governed by
combustion conditions and by differences in vegetation types
burned. Long chain n-alkane accumulation, the stable isotope com-
position of the C29 n-alkane and the pollen assemblage, show sim-
ilar patterns throughout the last 5.4 kyrs. Since pollen are
transported to Lake Allom over relatively short distances, and tak-
ing into consideration that the vegetation on Fraser Island is
heterogeneous, the correspondence between the n-alkanes and
the pollen implies that the plant-wax n-alkanes are also trans-
ported from a similar local source area, and that they record the
local vegetation history.
Our results show that in the period between 5.4 and 4 ka, bio-
mass burning was low on Fraser Island, while at 4 ka, fire occur-
rence started to increase. This biomass burning intensification
occurred slightly earlier than the shift in vegetation around Lake
Allom to the present-day heterogeneous sub-tropical Araucarian
(gymnosperm) rainforest. This suggests that fire occurrence on Fra-
ser Islandmight have increased in absence of changes in vegetation
and related changes in the hydrological cycle and that there could
be another factor influencing biomass burning on Fraser Island at
this time. We suggest that increased fire activity on Fraser Island
around 4 ka might have been caused by human-lit fires, since abo-
riginals settled on Fraser Island around this time. Furthermore,
since increased biomass burning precluded the change to Araucar-
ian rainforest vegetation, we suggest that Aboriginal-lit fires as
well as rainforest conservation by aboriginals, might have influ-
enced vegetation change on Fraser Island.
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